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ABSTRACT

Compound semiconductors, such as GaAs, InP, and HgCdTe, are
essential components in future photonics and microelectronics
technologies. If the United States is to be competitive in these
technologies, attention must be directed to the reproducible and
affordable processing of these materials. This report assesses the
current status of compound semiconductor processing technology and
identifies factors that limit the ability to fabricate advanced electronic
and optoelectronic devices. Emphasis is placed on current and near-term
devices, but the process technologies discussed are generic to future
components and systems based on these materials.
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PREFACE

Compound semiconductors offer properties and performance
characteristics not readily available in silicon, the mainstay of the
semiconductor industry. Ia particular, the development and production of
optoelectronic devices and ultrahigh-speed and high-frequency devices
depend on compound semiconductors such as gallium arsenide (GaAs), indium
phosphide (InP), mercury cadmium telluride (HgCdTe), and related
compounds.

There is considerable interest today in advancing the technology for
producing these materials, and extensive dedicated effort is directed to
this end by industry, government, and university laboratories. Complex
structures for new applications require special proressing and process
control procedures. These are the limiting factors that need to be
overcome, particularly in an industrial environment, if the United States
is to fully realize the potential for improved technology and to maintain
a competitive position in future high technology.

Specific processes sometimes are applicable to a particular material,
so discussion of some processes often may involve that material only.
This report is heavily biased toward GaAs and its processing because of
the wide attention it is receiving today as a next-generation
semiconductor material. Needless to say, other compound semiconductor
materials also have important applications (e.g., InP and HgCdTe). They
are addressed to show where similar problems and limitations exist in
their preparation and which processing steps differ from those for GaAs.

The committee members from industry and academia represented a balance
of knowledge and experience in chemistry, electronics, electrical
engineering, process modeling, and materials science. In areas where gaps
in members’ backgrounds and experience were evident, experts outside of
the committee were invited to give presentations and supply written
documents on specialized topics of concern to the committee. (The guests
and their areas of discussion are listed in the Acknowledgments.) This
permitted the committee to fulfill its charge, which was to make an
assessment of the state of the art of processing, including foreign
developments in compound semiconductors; provide a discussion of new and%




novel processing techniques applicable to compound semiconductor
preparation; identify the of factors that today limit the effective use of
these processing techniques; examine the applicability of modeling
techniques to the understanding and control of processing steps, with
possible prediction of materials, device, and circuit properties; and make
recommendations for R&D efforts aimed at understanding the processing that
could lead to improvement or elimination of existing deficiencies that
limit the ability to fabricate complex structures with these materials.

This examination deals heavily with processing and the eventual control
of cxucial processing steps. To this end, the committee strives to direct
the attention of research and production personnel, in both the military
and the commercial communities, to where a concerted effort is needed to
advance the present state of the art that will increase device yield and
decrease production costs. The committee feels strongly that the
commercial community, in particular, must be involved as a major performer
in this program; but government leadership is essential to provide funding
incentives and to coordinate the development of a technology base.
Industry awareness of the contents of this report is essential to properly
direct current and future commercial development efforts.

A. M. Glass
Chairman
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EXECUTIVE SUMMARY

The rapid decline of the U.S. semiconductor industry in global markets
has received national attention. In an attempt to halt this decline, a
number of collaborative initiatives have been established that combine the
resources of industry, universities, and the government. These include
the Semiconductor Research Corporation (SRC), the Microelectronics and
Computer Corporation (MCC), and the Semiconductor Industries Association
consortium known as SEMATECH. All of these major initiatives address only
silicon technology, a technology with substantial existing commercial
markets.

The next generation of advanced microelectronics and optoelectronics
technology will use compound semiconductors such as galiium arsenide,
indium phosphide, and mercury cadmium telluride. For these
semiconductors, the current markets are small and are driven primarily by
military requirements; the manufacturing technologies are only in early
stages of development. Yet compound semiconductors have unique
capabilities, not achievable with silicon, that will be vital for the next
generation of ultrahigh-speed computers, microwave generation, and optical
communication. Integrated optoelectronic devices for high-speed switching
and information processing are now emerging from research laboratories,
but the processing science and technologies necessary to manufacture such
devices are in their infancy.

To avoid loss of these technologies to overseas competitors, proper
attention must be given to these advanced technologies pow. A coordinated
national strategy must be formulated that makes the best use of existing
resources to establish the technology base necessary to capitalize on the
opportunities presented by these materials.

The Committee on Process Challenges in Compound Semiconductors was
established to examine the current status of compound semiconductor
processing technology and to identify factors that currently limit the
ability to fabricate advanced electronic and optoelectronic devices.
These factors include limitations in fundamental understanding of
materials and processes, and processing equipment. 1In addition, the
committee was asked to make a comparative assessment of foreign
developments in this field.




Processing of compound semiconductors is not a straightforward
extension of silicon technology. Factors such as lattice mismatch,
surface passivation, vapor pressure differences of the constituent
elements, and stoichiometric defects all add to the complexity of material
preparation and device fabrication. Opportunities presented by composite,
artificially-structured materials, which permit the design of specific
optical and electronic properties, need special attention. The report
addresses only those issues specific to compound semiconductors that
cannot be directly transferred from silicon technology. These include
issues such as substrate growth and preparation, epitaxy, etching,
lithography, dielectric films, and metallization.

It became evident during this examination that a major obstacle to the
affordable, high-yield manufacture of compound semiconductors is the
serious lack of understanding of relationships among the materials
properties, the various processing parameters, and the eventual device
yield and performance. Improved understanding requires coordinated
interdisciplinary research ard development, including disciplines of
chemistry, physics, surface science, chemical, mechanical and electrical
engineering, together with parallel theoretical modeling of the equipment
and processes used in compound semiconductor device production. A number
of uncoordinated subcritical research and development efforts are
currently funded in the United States that have overlapping programs and
are generally not close enough to the device manufacturing line to
optimize process technology for improving device yield. The throughput of
commercial device lines is often too small to establish proper process
control. Communication of processing technology between R&D centers is
poor. A better coordination of these programs is essential to the
advancement of the technology.

Because of these factors, the committee believes that the federal
government must play a leadership role in partnership with the private
sector and academia. Although defense needs currently account for the
major market share of U.S. compound semiconductor materials and devices,
the potential exists for large commercial markets in the future. The
fabrication of low cost, high yield, high stability devices and circuits
is an essential prerequisite to expanding commercial markets for compound
semiconductors. In the nearer term (within 5 years), these markets will
include high speed electronic circuits for computations and information
processing, satellite communications, and wide bandwidth circuits, also
components for optical communications. In the longer term (5 years and
beyond), it is anticipated that photonic and electronic devices will
become mutually compatible components of integrated optoelectronic systems
for ultrahigh throughput information processing. Just as the growth of
high technology over the last two decades has been closely linked to
advances in silicon materials processing technology, so will future
progress be closely dependent on compound semiconductor processing
technology. A long-term focused U.S. commitment to this technology is
required to avoid total dependence on overseas technology.




Research and development coordination and close coupling feedback of
the materials research with the processing and device communities are the
most important components in helping correct the domestic industry’s
decline. This includes coordinating the activities of the university
research centers with those of the government and industrial centers. In
addition, focus of the research effort must be directed toward a
commercial technology base, since this is the essential link for
establishing and maintaining a viable defense industrial base.
Administering and staffing of new technology centers is an area needing
further assessment; a MITI-style approach of sharing staff between such
centers has not been tested in the United States and, with some
modifications, this approach may find productive application in these
centers.




CHAPTER 1

CONCLUSIONS AND RECOMMENDATIONS

The advantages of compound semiconductors, such as gallium arsenide
(GaAs), indium phosphide (InP), and mercury cadmium telluride (HgCdTe) for
use in optoelectronic devices and in ultrahigh-speed or high-freqency
electronic devices, are well established. 1In these areas, compound
semiconductor devices provide unique performance enhancements over the
capabilities of silicon devices. Components based on these materials will
be vital elements in commercial and military electronic systems.
Realization of the enhanced performance of compound semiconductors has,
however, been greatly hampered by difficulties in developing the
appropriate process technology base to achieve the high yield, high
performance, and high reliability necessary for these materials to take a
place alongside silicon.

Major research advances in recent years have demonstrated new physical
phenomena, improved materials, and new device concepts. Many of these
involve the fabrication of multilayer structures for quantum well lasers
and detectors, high-electron-mobility devices, and nonlinear optical
switching devices. Equipment has been developed for the fabrication of
such exploratory devices, but these are generally customized instruments
for the research laboratory and are not well suited to the manufacturing
environment. ‘

In contrast to the dramatic progress in the research arena, the
development of the process-technology base has been slow, and thus
commercial exploitation of the science base is lagging. There is
currently little firm understanding of the relationships among material
parameters, process parameters, and device performance. Consequently,
there is little standardization of procedures for fabricating even the
simplest devices, including the initial step of substrate specification
and certification. The size of the current market for compound
semiconductor devices, particularly electronic devices, is not
sufficiently attractive to sustain the necessary large-scale investment

NOTE: A Glossary is appended at the end of this report that explains many
of the acronyms and abbreviations contained in the text.




and development efforts--especially in the small companies that dominate
this field. Unless the present U.S. government support structure is
modified, the committee does not see any significant near-term prospects
for closing the ever-widening gap between research and manufacture.

This is not the case in Japan. The Japanese electronics industry has
targeted compound semiconductor technology with the intent of gaining a
large markes share of future products and systems that use this
technology. This is a long-term goal, with government-coordinated
research and development that began in the late 1970s and was not tied to
short-term deliverables. Japan increased its share of world silicon-based
semiconductor markets from a small fraction 10 years ago to over 50
percent today. The fraction is estimated to be greater than 75 percent in
the new compound semiconductor-based markets. Because of its emphasis on
manufacturing technology, Japan is better poised than the United States to
take advantage of new market developments, as they did a few years ago in
the case of GaAs lasers for compact disk recorders and InGaAsP lasers for
lightwave communication. Current Japanese dominance in compound
semiconductor technology will contribute substantially to Japan’s
dominance of high-technology telecommunications and computer systems of
the future. If corrective action is not taken, the equivalent U.S.
materials, components, and systems businesses will not grow or even
survive.

It is imperative that programs be directed toward advancing the state
of the art of compound semiconductor processing technology and attaining
the proper degree of process control necessary to reliably and
reproducibly manufacture structures on a commercial scale. Processes
developed for one compound semiconductor such as GaAs are often directly
applicable to others--InP, InGaAs, and CdTe--with only minor
modifications. Furthermore, processes developed for current technology
are prerequisites for the more complex device structures of the future.

In this report, recommendations specific to individual processes are
listed at the beginning of each chapter. These recommendations are
directed to industrial R&D management as well as to government funding
agencies. However, the following general technical recommendations set
forth by the committee represent a first priority to achieve an effective
technology and competitive international position in compound
semiconductor manufacture:

s Establish programs to clarify the relationships between the crystal
growth and subsequent processing procedures and the device yield and
performance. Close interaction and feedback between each step of
semiconductor fabrication is vital to understanding how each processing
step is affected by the preceding process history.

s Establish detailed specifications for individual materials,
processes, and equipment. This includes specifications for substrates,




epitaxial layers, etchants, lithographic processes, ion implantation, and
metallization, as outlined in individual chapters that follow.

s Develop equipment and processes suitable for the manufacturing
environment for the low-cost, high-yield fabrication of compound
semiconductor devices.

» Develop techniques for in situ and in-process control. This must
include intelligent control systems and theoretical modeling of the
processes as well as a broad range of experimental diagnostics.

These technical issues require the integration of efforts of equipment
manufacturers, materials suppliers, research and development
organizations, and semiconductor fabrication lines. While market forces
drive development of 1- to 2-year deliverables, 2- to 5-year development
is not adequately supported, either by the private sector or by the
government. Long-term commitment to product development is essential for
success. Government incentives are particularly appropriate, since
defense needs today account for the major market share of GaAs and
virtually all II-VI materials and devices. Significantly greater
coordination among U.S. participants in the compound semiconductor area is
strongly recommended. In this respect, the federal government must play a
leadership role but in partnership with private-sector industry and
academia. The committee therefore believes that the following actions are
appropriate to optimize the use of national resources:

s Establish a prestigious national review panel consisting of
industrial, university, and government engineers and scientists to (a)
develop a national compound semiconductor strategy, (b) coordinate
activities and funding, and (c) make appropriate recommendations for R&D.
The present procedure of overlapping programs, often poorly coordinated
and too often tied to narrow and short-term interests of specific
industries or government agencies, should be eliminated.

s Establish critically funded technology centers with joint industry
and university participation. Successful operation of such centers
depends heavily on the selection and coordination of projects and on the
level of funding. This, in turn, will influence the level of industrial
commi tment.

The committee endorses the 1987 proposal of the Defense Science Board
and IEEE/DARPA Strategic Materials Initiative for centers of this kind.
Such centers for the expansion of the national technology base are
analogous to existing national centers for the advancement of basic
science. It is proposed that

s University engineering research centers, such as the NSF-ERC
programs, be coordinated with the technology centers suggested earlier and
with existing DOD ManTech centers. Academic programs at the B.S. level as




well as the Ph.D. level in materials processing and manufacturing sciences

are necessary to increase the availability of appropriately qualified
students.

» Greater emphasis be placed on using the existing government-funded
pilot lines as a national facility to solve the technical issues outlined
earlier.

Industry-government partnership is essential. Military requirements
often are aimed at high-performance specialized products with little
regard for cost. The United States cannot sustain a vigorous defense
industry without a healthy commercial industry. It is therefore vital
that future emphasis be placed on cost, yield, and manufacturability of
compound semiconductors.
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CHAPTER 2

INTRODUCTION

Compound semiconductors will be essential elements in electronics
areas of ultrahigh-frequency computation, microwave generation, and
optical transmission. The future potential of novel structures for
integrated optoelectronic devices for high-speed switching and information
processing has just begun to be realized in the research laboratory.
Unless substantial changes occur very soon in the way products are
identified and brought from the research laboratory to the marketplace,
control of these technologies is destined to move offshore during the
1990s. The loss of this critical technology will adversely affect U.S.
competitiveness in avionics, computers, and information systems.

Current commercial markets for these products are small. Leadership
by the federal government is required for developing the necessary
technology base to produce high-yield, low-cost devices. In this report,
the committee makes a critical assessment of compound semiconductor
processing technology and identifies technical factors that limit our
ability to manufacture low-cost, high-yield devices and circuits. In
addition, the committee proposes a "recovery" plan of cooperative research
that includes (a) the establishment of a national review panel to
coordinate R&D in compound semiconductors, (b) the establishment of
national technology centers, and (c) the establishment of university
engineering centers to train students at all levels in this key area.

STUDY MOTIVATION

A number of reports have been published recently that address the
status of U.S. microelectronics research and development [Office of
Technology Assessment, 1986]), the competitive position of the U.S.
semiconductor industry [National Materials Advisory Board, 1986;
Federation of Materials Societies, 1986; JTECH, 1985]), the impact of
cooperative research in Japan on its microelectronics industry [Merz,
1986), a possible approach to cooperative research in the United States
[McLoughlin and Miller, 1987], the benefits and risks associated with
federal funding of a consortium of electronics industries [Congressional
Budget Office, 1987), and an examination of the roles that the National
Laboratories may play to reverse the current decline of the U.S.
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semiconductor industry [National Materials Advisory Board and
Manufacturing Studies Board, 1987).

This report differs from these others in that it addresses the current
state of the art of the processing of compound semiconductors and
identifies factors that limit the ability to fabricate reproducible,
low-cost devices. It also assesses the present scientific status of U.S.
and foreign compound semiconductor materials and the processes used to
fabricate devices. It is evident, however, that, to make significant
advances in compound semiconductor technology, it is not sufficient to
identify deficiencies in U.S. scientific knowledge and technical
capabilites; it is also nercessary to consider improvements in the way
research and development is done. The committee makes some
recommendations on future research and development as well as on how to
make better use of U.S. national resources.

WHY COMPOUND SEMICONDUCTORS?

Current electronics technology is dominated by the elemental
semiconductor, silicon. However, with the ever-increasing need for
devices with higher speeds and higher levels of integration, the
limitations of entirely silicon-based electronics are becoming evident.
Compound semiconductors will become increasingly important in advanced
technologies because of their intrinsically higher speeds, lower power
requirements, optoelectronic capabilities, and greater resistance to
high-energy radiation. The higher electron velocity in compound
semiconductors translates directly into greater operating frequencies and
greater computation speeds using the same design rules as silicon. For
high-speed computational and microwave devices, GaAs is currently the
material of choice. The band structure of GaAs, InP, and related binary,
ternary, and quaternary compound semiconductors permits the fabrication of
efficient light-emitting structures (lasers and light-emitting diodes) of
current importance for optical communication, optical interconnection of
electronic chips, and consumer products such as compact disk players.

Beyond current technology, compound semiconductors offer a wide
variety of new and versatile devices for future systems. By growing
multilayer structures of alternating composition on the scale of a hundred
angstroms (10 nm), entirely new material properties can be designed for
use in optical and electronic devices. The electronic band structure of
such composite materials can be tailored to meet specific requirements
such as wavelength of operation or ultrahigh-speed electron transport,
properties that are not attainable with an individual semiconductor.
Optoelectronic circuits can be designed in which optical and electrical
components are integrated on a semiconductor chip to fully capitalize on
the advantages of each technology. These are areas of great potential
that will evolve from current compound semiconductor technology, and they
represent an exciting window on future high-performance electronic and
photonic systems.
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Compound semiconductor technology today is handicapped by the absence
of a commercial market to provide the driving force for upgrading domestic
device processing capabilities. Silicon processing technology does not
generally apply to the fabrication of compound semiconductor devices.
Factors that do not arise in silicon technology, such as lattice mismatch,
surface passivation, vapor pressure differences of the constituent
elements, and stoichiometry-related defects, in compound semiconductor
technology require special crystal growth methods, processing procedures,
and process control. Many of these processes need further development,
and the currently limiting factors of process control must be overcome.
This is particularly true in the manufacturing environment, where
cost-sensitive issues such as device yield determine product viability.

Since GaAs is the most important of the compound semiconductors in
terms of current market needs, emphasis is placed on that material system
in this report. However, InP and InGaAsP alloys are currently of primary
importance for optical communication devices, and HgCdTe alloys are the
semiconductor systems of choice for infrared imaging devices. Many of the
processing challenges confronting GaAs manufacture apply equally well to
these other compound semiconductors. Where there are significantly
different problems for different materials systems, these are addressed
individually. As compound semiconductor technclogy advances, these newer
technologies will play an increasingly important role in the total
plcture. At present, these other materials are much less mature in their
development than GaAs, and their full potential cannot be readily
assessed.

THE IMPORTANCE OF MATERIALS PROCESSING

The fabrication of compound semiconductors involves a large number of
processing steps starting with the growth and preparation of substrates
upon which devices and circuits are constructed. Subsequent processing
steps may include the epitaxial growth of thin semiconductor layers,
etching and lithography to define two-dimensional features on the
semiconductor surface, ion implantation to create the appropriate
electrical activity in the semiconductor, and the deposition of metallic
conductors or dielectric insulators. Each of these processes must be
precisely controlled to achieve reproducible characteristics.

Silicon processing technology generally cannot be applied to the
fabrication of compound semiconductor devices. Factors that do not arise
in silicon technology, such as lattice mismatch, surface passivation,
vapor pressure differences of the constituent elements, and
stoichiometry-related defects in compound semiconductor technology,
require special crystal growth methods, processing procedures, and process
control. However, one of the most serious issues in process control is
the lack of understanding of the manner in which one processing step can
influence subsequent steps and the eventual device yield. For instance,
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the electrical characteristics of devices can be affected by strains and
compositional uniformities that may be introduced during substrate growth
and preparation, epitaxy, ion implantation, or metallization. The
activity and distribution of implanted dopants are likew!se influenced by
stress, composition, thermal history, and the properties of dielectric
encapsulants,

The cost of semiconductor devices is largely determined by the
eventual yield of devices and circuits. For new devices, yields may be
only a few percent. Since hundreds of devices are typically fabricated on
a single wafer, material or dimensional non-uniformities can critically
affect device yield.

As devices become more complex, as the number of processing steps
increases, and as the size of substrates increases, precise control of
each process becomes even more critical. At the present time, many of the
processes need further development and the currently limiting factors of
process control must be overcome. These controls are in the manufacturing
environment where device yield and volume determine product availability.

MARKETS

Current markets for GaAs and growth projections into the 1990s are
given in Table 2.1. The table was derived from Sumitomo Electric
Industries data, and is largely consistent with data derived from other
U.S. and European sources. At present, the largest market is in
optoelectronic devices for communication systems and consumer markets
(e.g., display and compact disk). While GaAs-based products are the
largest volume markets, higher priced InP/Gais products account for a
significant fraction of the dollar amount. The worldwide market for
lightwave components in 1986 was about $1 billion--about one-third being
for long-haul transmission, one-half for short-haul (e.g., local area
network, loop, computer network, and metropolitan area transmission), and
less than 20 percent for the military. By 1992, the market in compound
semiconductor optoelectronic devices is expected to increase to more than
$4 billion, and lightwave systems, dependent on these devices, will be
considerably greater than that figure.

The current GaAs integrated circuit market, in contrast, is largely
driven by military needs. 1In 1985, over 75 percent of the $1.2 billion
($900 million) GaAs-IC market was military (20 percent digital, 80 percent
analogue microwave). At present, most U.S. military electronics and
systems companies are deeply involved in in-house efforts to. demonstrate
the applicability of GaAs systems by the late 1990s. Because of its
ability to generate high-power, low-noise microwave signals in the 10 to
100 GHz spectrum, GaAs promises to revolutionize electronic warfare, space
and terrestrial communication systems, phased array radar, commercial
high-resolution television, and satellite communication.
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TABLE 2.1 Worldwide Merchant Market Projections for Some Compound
Semiconductor Devices (§ Million/Year)

Category 1985 1990 1995
I11-V Semiconductors device total 1400 3800 8200
Electronic devices and 1.C.s 300 1200 4100
Optoelectronic devices 1100 2600 4100
Source: Private communication to the committee by T. Nakahara, Sumitomo

Electric Industries, Ltd. (Japan), January 1987.
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Estimating the growth of the GaAs-IC market is difficult. Market
research has resulted in figures of $3.8 billion in 1990 and projected to
be greater than $8 billion in 1995, but extrapolations of this magnitude
are inevitably subject to huge errors. Market research places the
majority of this growth anticipated in digital ICs (about 50 percent of
the GaAs-IC market by 1990), with the military share falling to less than
30 percent. Such projections appear to be an optimistic assessment of
market parameters.

The importance of these data lies in the fact that defense is
currently, and will continue to be, an important driving force of the
Gans-IC technology--much larger than the 5 percent defense-related portion
of the silicon market that occurred during the 1960 to 1985 period of
explosive growth in the silicon industry. Thus, a significantly higher
percentage of government participation in the development of GaAs
technology is required. Civilian markets for GaAs-ICs are now very small
and insufficient to support the large long-term investment required for
development and manufacture of GaAs-ICs. A large generic market is needed
and must be created to drive the required industrial investment. The cost
of a GaAs chip can be as much as 10 to 20 times that of a silicon chip.
Silicon bipolar technology continues to advance, and it is not yet clear
how effectively the speed advantage of GaAs devices can be used in
applications such as high-end computers, where interconnection delays are
as important as device delays in current circuit architectures. As
architectures are modified to make use of optical interconnections, the
advantages of the higher intrinsic speed of GaAs will become increasingly
evident in digital systems. In the long term, it can be anticipated that
photonic and electronic devices will become mutually compatible components
in fully integrated optoelectronic circuits and systems.

Compound semiconductor substrate market projections from 1985 to 1995
are given in Table 2.2. The table shows that the total market is quite
small and insufficient to sustain the large number of materials
suppliers. Today, there are 15 U.S. companies and 1l overseas companies
selling GaAs wafers. In the United States, these are mostly small
companies, whereas in Japan they are large companies with a majority of
the market share. Currently the largest market (about 80 percent) is for
optical devices that use horizontal Bridgman-grown (HB) GaAs.
Liquid-encapsulated Czochralski-grown (LEC) GaAs accounts for only about
25 percent of the current GaAs market, but the growth of the market for
LEC material is expected to expand much more rapidly than that for HB
wafers.

The market for LEC InP for optical devices is relatively. small and is
expected to grow from $10 million in 1985 to $50 million in 1990. Indium
phosphide research has shown impressive progress in millimeter wave
devices as well as in lightwave devices; however, the long-term growth of
the market compared to GaAs cannot be reliably assessed. At present,
there is only one small U.S. commercial supplier of InP.
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TABLE 2.2 Worldwide Merchant Market Projections for III-V Semiconductor
Materials ($ Million/Year)

Category 1985 1990 1995
Total III-V 120 420 920
GaAs 70 300 660
GaP 40 70 150
InP 10 50 110

Source: Private communication to the committee by T. Nakahara, Sumitomo Electric
Industries, Ltd. (Japan), January 1987.
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U.S. COMPETITIVE POSITION

There have been many studies of the U.S. competitive position in
compound semiconductors and the electronic industry in general. All of
these reflect U.S. concerns about the increasing Japanese presence in this
industry [National Materials Advisory Board, 1986; Federation of Materials
Societies, 1986; JTECH, 1985]. A common conclusion of each study is that
in the past 5 years Japan has greatly increased its share of the compound
semiconductor market and is beginning to dominate the technology in
several key areas. The Japanese have targeted optoelectronics as a key
technology, and their long-term objective is to claim a large market
share.

One principal problem facing the United States in the GaAs arena is
the need to establish manufacturing resources and the needed production
experience that will significantly lower the cost of GaAs components.
Although GaAs chips presently may have better performance than silicon,
their cost can be as much as 10 to 20 times greater than that of a similar
silicon chip. 1In some highly specialized, critical applications, cost is
a minor limitation, and the material of choice depends on achieving
exceptional performance. For most commercial applications, however, cost
is a success-determining factor. Either the performance must be increased
to justify the current price or the cost must be reduced to a level
consistent with alternative technologies and with market demands for the
available performance enhancements.

In a climate driven by profit, U.S. manufacturers are generally
unwilling to invest large sums in manufacturing plants until a large
generic market develops. Unfortunately, until a truly generic area that
has very large volume potential is identified (either digital or linear),
the costs per unit for GaAs parts will remain high. High-volume U.S.
customers are rare today, so the economy of high production is absent,
causing prices to remain high, which limits applicability, and so on.

In contrast, the Japanese have made a long-term, strategic commitment
to compound semiconductor technology. As early as 1985, companies like
Sumitomo Electric Industries and Dowa Mining Co. were already producing
10,000 2-inch GaAs wafers per month. Furukawa Mining Ltd., Iwaki
Semiconductor, Mitsubishi Metal, and again Sumitomo Electric are all now
shipping 3-inch wafers and targeted 4-inch material production for early
1987 (private communication to the committee by T. Nakahara, January
1987). 1In the area of devices, the Japanese are widening the gap with the
United States in device manufacturability of complex parts. Examples are
the NTT distributed feedback laser, the Oki Electric 8x8-bit. multiplier,
the NTT 16K static RAM, or the Fujitsu high-electron-mobility 16K memory
operating at room temperature (four times faster than the equivalent 16K
silicon part).
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One key to Japanese pre-eminence in this field is dedication to
manufacturability issues, where they are focusing on the design of
cleanrooms, the right level of (robotic) automation, the use of on-line
control and process feedback, and, perhaps most importantly, the proper
level of investment in equipment development. The ability to make the
proper long-range investment in equipment, processes, and people--whether
it is in crystal growth, epitaxial growth, or strategically pure starting
materials--is a true Japanese strength.

The committee estimates that the United States is well behind Japan in
the optoelectonic sector and the digital logic sector of GaAs technology.
In the field of linear, monolithic microwave ICs, there is approximate
parity [Defense Science Board, 1987]). In the development of many of the
processing technologies discussed in this report, the United States is
trailing, and the gap is widening. It can be anticipated that, without
any U.S. corrective action, Japanese superiority in compound semiconductor
devices will mean eventual Japanese superiority in electronic and
optoelectronic systems. Action is necessary to coordinate U.S.
government, industrial, and academic resources in such a way as to reverse
this erosion quickly and definitively.

PROPOSED SOLUTIONS

The committee feels that a strong U.S. position in compound
semiconductor manufacturing technology is essential for future economic
health in high technology. 1In the long term, compound semiconductors will
clearly perform a critical complementary role to silicon technology. It
is particularly dangerous to ignore the smaller near-term markets and
permit overseas dominance. This will inevitably lead to U.S. inability to
compete in large future systems markets. However, U.S. industry finds it
difficult to make the necessary long-term investments. As a result,
solutions will require government leadership.

In the committee’s opinion, the following action warrant service
consideration to strengthen U.S. competitiveness in the field of compound
semiconductors:

» Establishment of a national review panel on compound
semiconductors, consisting of members from industry, universities, and
government. The functions of the panel should include (a) the
formulation of a national strategy for compound semiconductors, (b) the
coordination of research and development activities and funding, and (c)
presenting recommendations for research and development actions. This
panel should increase government agency, industrial, and academic
cooperation in targeting and accomplishing significant goals, while
eliminating duplicative programs.

e Establishment of a federal-commercial compound semiconductor
technology center, funded at a sufficiently high level to attract
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industrial participation. Its purpose would be to establish a common
technology for the manufacture of compound semiconductor materials and
devices for commercial and military use.

s Establishment of university research centers to train bachelor’s,
master’s, and doctoral students in manufacturing technology. Such
programs could include personnel and information exchange agreements with
other technology centers.

These recommendations are essentially similar to those forwarded to
solve the problems of the silicon industry, which indeed suffers from
similar problems [McLoughlin and Miller, 1987]. However, the absence of a
large existing market for compound semiconductor devices and the vital
importance of these materials to future technology makes the case for
federal support of compound semiconductor technology even stronger than
that for silicon. Thus, all of the advantages considered in the proposed
federal support of the SEMATECH proposal {Congressional Budget Office,
1987), such as overcoming the semiconductor industry'’s shortcomings in
manufacturing technology and creating public benefits both in national
security and commercial competitiveness, are especially applicable to
compound semiconductors. At the same time the risks related to special
advantages derived by member companies would appear to be reduced because
of the immature state of the technology under development.

Federally administered centers concentrating on improving the U.S.
innovative and manufacturing position in compound semiconductors also have
been proposed in an 1EEE and DARPA Strategic Materials Initiative and
discussed in the recent Defense Science Board report on semiconductor
dependency [Defense Science Board, 1987). Legislation has already been
introduced into Congress concerned with semiconductor manufacturing. Such
legislation is viewed as an important first step toward strengthening the
U.S. semiconductor industry. For compound semiconductors, this is
particularly necessary, since the defense industry is currently the
largest consumer of compound semiconductor electronic devices.

In the implementation of these recommendations, a most important
component must be the coordination of research and development and the
close coupling and feedback of the materials research with the processing
and device fabrication communities. University research centers must be
closely coordinated with the government and industrial centers. It is
essential that these industry-university-government partnerships be
selective, consistent, and planned with appropriate lifetimes to see the
projects through from the start-up to a timely phase-out. It is also
vital that the focus of the research be directed toward a commercial
technology base, since this also is considered essential for a viable
defense industry. The administration and staffing of new technology
centers is an important issue requiring further study. The MITI-style
approach [Merz, 1986) to sharing staff between such centers and industry
has not been tested in the United States, where wide geographical
differences exist.
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PROCESSING CHALLENGES IN THE 1990s

In the following chapters of this report, the technical issues
involved in the fabrication, reliability, and manufacturability of
compound semiconductors are discussed. The chapters that follow begin
with a discussion of device issues and then describes typical devices of
current interest to provide an insight into the importance of each of the
processing technologies, as well as an understanding of the unique
advantages of compound semiconductors. The state of the art of each
process technology is assessed, with emphasis on materials of greatest
importance to the commercial development of future electronic and
optoelectronic systems--namely, GaAs, GaAlAs, InP, InGaAsP, and HgCdTe.

Each of the processes of importance for device fabrication is
discussed individually in succeeding chapters. Because of their great
significance, separate discussions are devoted to issues of process
control and the process environment, to interactions between the various
processing steps, and to eventual device yield and performance.

In each case, current problems that need to be solved over the next
few years are considered, and areas where fundamental understanding is
deficient are identified. Attempts are made to identify the relationships
between the material properties (defects, etc.) and processing procedures
and the device performance and yield. Progress in this area of processing
science will have immediate impact on manufacturing technology.
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CHAPTER 3

DEVICE ISSUES

PRINCIPAL RECOMMENDATIONS

Typical optical and electronic device structures of importance in
compound semiconductor technology are described in this chapter, with
particular emphasis on the processing issues that are critical to optimum
cdevice performance. It is vital that the device community fully recognize
the importance of materials processing and testing for successful
fabrication and operation of future high-performance electronic and
optoelectronic devices.

Although most current commercial compound semiconductor devices are
either discrete components or are used in relatively low levels of
integration, the ultimate goal of compound semiconductor technology is the
full integration of both photonics and electronics technologies for
high-speed information processing and transmission. To achieve this goal,
full control over the processing of discrete optical and electronic
devices is an essential prerequisite., This chapter provides insight into
why precise control of materials and process parameters is vital to the
advancement of compound semiconductor technology.

The combination of different compound semiconductors in
heterojunctions and small dimensions, where quantum effects dominate, has
already led to a number of conceptual breakthroughs for new devices and
circuits. Such breakthroughs are expected to continue. However, the
ability to capitalize on new opportunities and make them a practical
reality is severely restricted by current limitations in materials
processing technology.

Subsequent chapters of this report deal with specific elements of
materials processing. Recommendations for work appropriate to individual
processes are made in relevant chapters. The following recommendations
for future device processing are generic to optical and electronic
technologies:

s Current electronics technology in compound semiconductors is based
almost entirely on planar GaAs devices. Commercial realization of the
advances offered by heterojunctjon technology for the next generation of
ultrahigh-speed electronics requires a major commitment to materials
processing and device fabrication of these structures.

21
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» Integration of optical and electronic components on the same chip
is essential if the full advantages of compound semiconductors are to be
realized. This requires a focused effort to develop the required
processing technologies.

» The use of novel interconnection techniques must be developed for
low-loss and low-dispersion interconnection of high-speed integrated
circuits. Optical interconnects and high-temperature superconductors
should be urgently evaluated for this purpose.

» Detailed modeling must be developed for compound semiconductor
devices and circuits to guide future development.

INTRODUCTION

This chapter strives to describe key materials and process parameters
for the fabrication of electronic and optical devices using compound
semiconductors. The device structures decribed demonstrate some of the
besic building blocks of electronics and photonics technology and the
complexity of the various processing steps required for manufacturable
devices.

The evolution of compound semiconductor technology is summarized in
Figure 3.1. The ultimate goals of this technology are the integration of
both photonics and electronics technologies for high-speed information
processing and transmission. At the present time, most commercial devices
are either discrete components or are at relatively low levels of
integration. Ultimately, as processing technology advances, increased
levels of integration will provide a wide range of advanced circuit
options for systems designers. For optoelectronic applications, compound
semiconductors are unique, and silicon is not a competitive technology.
However, for high-speed electronics, compound semiconductors must exhibit
near-ideal characteristics to retain their anticipated performance
advantage over silicon.

A comparison of the properties of several compound semiconductors with
germanium and silicon is shown in Table 3.1. The mobilities quoted in the
table are for undoped materials [Sze, 1981]. In practice, the mobilities
may be considerably reduced from these values because of the high levels
of doping required in some devices and because of electron scattering at
defects and interfaces within device structures. It also must be
remembered that in current high-speed VLSI circuit designs,
interconnection delay between devices is sizable compared with device
delay and represents a major limitation to circuit speed. Future emphasis
must be placed on novel approaches to device and circuit interconnection
if the real speed enhancements offered by compound semiconductors are to
be achieved in VLSI circuits.
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Compound Semiconductors
Electronics Optoelectronics
Discrete integrated Discrete integrated
Circuits Optics
Bipolar, MESFET, Lasers, Detectors,
SDHT, etc. Switches, Modulators
integrated
Silicon —3»  Optoelectronics
Electronics
Technology

FIGURE 3.1 Evolution of compound semiconductor technology.
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TABLE 3.1 Intrinsic Properties of Semiconductors

Effective 300 K Electron Energy
Material Hais Mob%lity Gap

(m"/m,) (cm“/Vsec) (eV)
Ge 1.64 3900 0.66
si 0.98 1500 1.12
GaAs 0.067 8500 1.42
InP 0.077 4600 1.85
In, _,Ga,As (x = C.47) 0.041 10000 0.81
Hgy .4Cd,Te (x = 0.2) approx. 0.01 35000 0.10

lm* = effective electron mass

m, = free electron mass
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DISCRETE DEVICES

Iransistor Structures

Metal-semiconductor field effect transistors (MESFETs) have been the
most widely developed amplifying and switching devices using GaAs. These
are dominantly made in a configuration on the surface of a wafer, as shown
in Figure 3.2, with electrons moving under the surface from source to
drain electrodes and a Schottky-barrier metal gate between these
electrodes to control the current flow. Current flow between the source
and drain is switched off when the channel is depleted of carriers at a
specific gate threshold voltage. These "horizontal" devices are easy to
integrate into microwave logic or optoelectronic integrated circuits. The
thin GaAs conducting channel is formed on the surface of a semi-insulating
substrate by ion implantation or epitaxy, which provides very low
interelectrode capacitance for increased circuit speed. To increase
device speeds, very short gate lengths that minimize electron transit
times are required. With gate lengths of 0.25 to 0.50 micrometer, such
devices can switch circuits in 10 picoseconds or can amplify signals to
about 50 GHz.

Devices with even shorter 0.l-micrometer gates are currently being
studied. These gate lengths are smaller than can be reliably fabricated
using present commercial optical lithographic techniques. Short devices
(less than 0.5-micrometer gate length) require a potential barrier under
the conducting channel to prevent performance degradation from space
charge injection current coming from the source under the gate. When
scaled to shorter gates, these devices require higher donor concentration,
which increases the undesired collisions between electrons and ion;.
Collisions limit the electron velocity to a value just over 1 x 10
cm/s, so that the frequency response scales no better than the reciprocal
of the channel length.

An additional limitation of this simple MESFET structure is that
surface states at the metal-semiconductor interface limit device
performance by trapping charge carriers. Furthermore, gate leakage
currents arise due to the relatively low height of the Schottky-barrier.
The height of the barrier could be greatly increased, and thus the gate
leakage current greatly reduced, if an insulator is placed between the
metal and semiconductor (MISFET). However, the absence of a suitable
insulator on GaAs has prevented development of a MISFET technology.

Key advantages of InP over GaAs are possible with future development.
Higher electron velocity (30 percent), higher thermal conductivity (40
percent), and higher breakdown voltage (50 percent) are among these
advantages. Even more important is the fact that interface charges
between InP and dielectrics on its surface are of much lower density than
in GaAs. It is thus possible to accumulate a sheet of fast-moving
electrons against this dielectric. This, along with higher breakdown
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Planar Deplotlon—Modo MESFET
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FIGURE 3.2 Examples of horizontal field effect transistor (FET)
structures
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voltage, in turn allows high-peak microwave power generation with InP
MISFETs. InP technology is also an excellent base for heterojunction FET
and bipolar transistors of the type described later.

MESFET structures can be made with vertical geometries, where
electrons go from a buried source layer through a thin channel layer to a
top drain electrode. In such a structure, the effective gate length and
electron transit time through the base region are greatly reduced and can °
be precisely determined during the epitaxial growth process rather than by
lithography as in the horizontal FET. However, the parasitic capacitance
and resistance of this structure become the major speed limitation. Metal
gates placed between the source and drain can control the current flow. A
version of this device known as the permeable base transistor (PBT) has
been successfully demonstrated at the M.I.T. Lincoln Laboratory after the
difficult technology of constructing it was mastered. Its frequency
performance was over 20 percent higher than any horizontal MESFET. This
was caused by its short vertical channel, which is grown epitaxially
rather than being formed lithographically as in the horizontal MESFET.
Unity power gain frequences for these devices are 180 GHz and 220 GHz,
respectively, for the MESFET and PBT.

Using heterojunctions, both the horizontal FET (Figure 3.3) and the
bipolar (Figure 3.4) transistor are significantly improved. Using doped
Alg ;Gag ;As on undoped GaAs as an example, the donor ions in the
larger-band-gap alloy neutralize the space charge of the electrons in the
GaAs. The electrons in these modulation-doped FETs (referred to as
MODFET, SDHT, and HEMT devices) form a two-dimensional electron gas at the
heterojunction interface and have a 0.24-eV confining barrier between them
and the ions in the barrier region. The electrons have few collisions
when moving parallel to this heterojunction and hence move faster than
they would in an equivalently doped channel.

MODFETs have demonstrated switching times in circuits as short as 5.8
picoseconds at 77 K and excellent performance in high-speed logic.
Microwave circuits have achieved a noise figure and current gain cutoff
frequency superior to that of GaAs MESFETS {Drummond, et al., 1986]. By
using a limited amount (about 15 percent) of indium in the GaAs in a thin
layer, the potential barrier can be raised to about 0.30 eV for even more
advantage, in spite of the small-lattice-mismatch strain [Rosenberg et
al., 1985]. Indium alloys can eliminate problems arising from
donor-related electron traps (so-called DX centers) in doped AlGaAs with
high aluminum content. With a 0.25-micrometer gate length, these devices
have been tested to yield a unity power gain frequency of 230 GHz. The
barrier height can be increased to 0.5 eV by growing Ing g0Alg ,gAs
wide-bandgap material on Ing 53Gag 47As that in turn is grown on an
InP semi-insulating substrate [Kuo et al., 1987]. A very-high-performance
MODFET is possible with this structure. When fully developed, this device
will also have superior unity-power-gain frequency.




28

G
/e aces

———————————— - Electron Layer
GaAs
Substrate
S =Source G = Gate D = Drain

FIGURE 3.3 Schematic of Horizontal FET.

L zAa

300nm i '6‘0.47'“0.53“- n> 1019 cm"’

300nm -t NP, N = 5)(1()17(:"!4
o e PN
N, &Iy 1-y
Gag 471Ng 53AS —e= p = 5x10'8 cm™, 100nm y_ 20nm, Eq = 0956V
P77
500nm, n = 1x10'7 cm™ ~— InP
InP Substrate

FIGURE 3.4 Schematic of a Bipolar FET.




29

When an Al, 3Gag ;As n-type emitter is used in an otherwise GaAs
n-p-n bipolar trans?étor, there are strong advantages. High current gain
can be achieved, even when heavy acceptor density levels are used in the
base. This effect results from the heterojunction at the emitter-base
interface limiting the hole injection into the emitter. Unity-power-gain
frequencies as high as 105 GHz have been reached with a l.2-micrometer
emittez. These devices presently operate at a current density of
4 x 107 A/cm®. Such high current densities allow small area devices
to switch very dense and loaded logic circuits at high speed.

The speed of such bipolar transistors is still limited by extrinsic
factors such as junction capacitance and not by the carrier transit time.
For this reason it is most important to reduce the lateral dimensions of
the transistor to obtain higher speeds and lower power requirements.
However, decreasing the dimensions results in increased surface
recombination, which limits current gain. This is particularly serious in
GaAs. Techniques to reduce the surface recombination velocity are
essential to future progress in this direction.

An interesting set of vertical transistors using hot electrons, and
even ballistic electrons, is being investigated. Tunneling and resonant
tunneling of electrons are used in some of these devices. Breakthroughs
could lead to transistors with unity power gain frequencies up to 1000 GHz
and switching times down to 2 picoseconds. There would be substantial
technological difficulties in the integration of these vertical devices,
which would require further effort in materials growth and device
fabrication.

L&§ers

Both GaAs-GaAlAs and InP-GalnAsP material systems play major roles in
current laser technology. GaAs-based devices operate at wavelengths
shorter than 0.88 micrometer and are suitable for consumer products and
short-distance communication. For longer-distance communication,
InGaAsP-based devices operating at wavelengths of 1.3 and 1.55 micrometers
are essential to match the wavelength of minimum dispersion and minimum
loss of silica optical fibers. Fiber loss at 1.55 micrometers is only
about 10 percent of that at 0.88 micrometer. The use of these
longer-wavelength devices for short-haul applications depends on the
eventual relative cost of the two materials and various systems
requirements.

Lasers are probably the devices most sensitive to the quality of the
substrate and epitaxial layers. Laser reliability is sensitive to
imperfections in the laser structure. The simultaneous presence of very
high current densities and optical intensities result in laser degradation
unless the material quality is exceptionally high. Typical laser
structures of commercial importance are shown in Figure 3.5. One of
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these is a channel-substrate-buried heterostructure (CSBH) in which the
active region of the laser is grown inside a groove etched into the
substrate prior to layer growth. Another is a dual-channel-planar-buried
heterostructure (DCPBH) in which the active layer is grown on a planar
substrate, followed by etching of two channels through the layer into the
substrate on either side of a mesa. The structure is then completed with
a second growth step that fills the channel and caps the entire
structure. These structures are designed so that the current flows
through the active lasing region only. Either reverse-biased p-n
junctions (as shown in Figure 3.5) or semi-insulating layers (not shown)
block the current in surrounding regions. In both of the structures
shown, the curvature of the layers is the characteristic solidification
from solution in LPE growth. Mesa structures, similar to the DCPBH, can
be adapted for vapor phase growth.

Key processing considerations common to most laser structures are as
follows:

s The width and uniformity of the etched channels to submicrometer
tolerances is critical for minimum optical loss and proper transverse
optical mode control. The features must be preserved during the layer
growth.

e Epitaxial layers must be grown with precise composition control to
give good lattice match to the substrate (less than 0.1 percent), low
misfit dislocation density, and low stress levels. Laser lifetime and
reliability is considerably reduced if stress from any source (substrate

atch me&allization dielectric, bonding, etc.) exceeds about 1 x
10 dynes/cm“, or if even a single defect occurs in the active
region. Composition control and uniformity are also essential for tight
control of the emission wavelength and spectral width of the laser line.

s The epitaxial layer thicknesses must be controlled to better than
0.1 micrometer for good optical mode control.

e The dopant levels are critical for proper placement of the p-n
junctions within the active layer.

» High material purity and structural quality are essential for long
minority carrier lifetime and low density of nonradiative recombination
centers.

e With lasers, it is particularly vital that the deposition of
dielectrics for masks and facet coatings (to prevent facet degradation) lw
done with low damage and at low temperature to preserve the surface
composition and structure of the semiconductor.

e Since lasers typically operate at several kA/cmz, metallization
must be ohmic and must not migrate into the semiconductor during bonding
or during device operation.
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The degree of process control required increases as the requirements
for laser stability, line width, and mode control become more stringent.
The very narrow laser line width necessary for high-bandwidth, low-loss
communication systems requires longitudinal mode control in the laser
structure. The distributed feedback (DFB) laser achieves this with a
periodic grating etched into the substrate prior to the growth of the
laser. In such a structure, both the grating amplitude and the thickness
of the epitaxial layers above the grating affect the resonant frequency,
so extremely precise control of the etching and crystal growth are
essential. Aging effects, in which the gain peak of the laser shifts with
time, give rise to catastrophic degradation of the performance of this
device. This is also true in laser structures that have the
frequency-selective element external to the laser cavity.

Future communication systems will likely incorporate coherent
detection, which offers about a hundredfold improvement in detection
sensitivity over direct (incoherent) detection. This is accomplished by
heterodyning the received weak carrier signal with a strong local
oscillator. Distributed feedback lasers do not have sufficiently narrow
line width for this application. Laser line narrowing must be achieved
with feedback from external optical elements. ExXternal modulation and
wavelength tunability will probably be required for such systems. This
might actually relax the requirements on the laser itself because direct
modulation of the laser would no longer be required.

Detectors

Detectors are subject to much less stress than lasers (i.e., low
current density, low intensity) and, as such, are less subject to
long-term degradation. Nevertheless, to achieve the optimum performance
from detectors, particularly avalanche photodiodes, careful control of the
processing is required.

Two kinds of detectors are generally considered for optoelectronic
applications. These are junction (PIN) photodiodes and avalanche
photodiodes. For far-infrared imaging applications that use narrow-gap
materials, photoconductive and photovoltaic detectors are commonly used.
Silicon detectors are generally used in conjunction with GaAs-GaAlAs
lasers. Either InGaAs or germanium detectors are used with
longer-wavelength InGaAsP lasers.

Typical long-wavelength PIN and avalanche photodiode structures are
shown in Figure 3.6. In each case, the absorbing layer is 2.to &
micrometers thick and is grown on an n-type InP substrate. A thin layer
of wider gap material is grown over the InGaAs to reduce surface leakage
currents, and this in turn is coated with a dielectric passivation layer.
To form the p-n junction, acceptors such as cadmium or zinc are diffused
into the InGaAs absorbing layer through a small opening in the cap layer.
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Under reverse bias, the absorbing region is depleted of carriers. Since
the junction region is generally flluminated through the InP substrate for
maximum efficiency and bandwidth, it is necessary to have low substrate
absorption.

There are two key factors in fabrication of PIN photodiodes: (a) the
absorbing InGaAs layer must be extremely pure to achieve full depletion of
the layer at low voltages and to minimize junction capacitance, and low
voltages are required to minimize noise due to tunneling; and (b) the
surface passivation dielectzic must be deposited with minimum damage and
strain, and the epitaxial layer quality must be sufficiently high for
nimimum dark current.

Good photodiodes are shot-noise limited, with near-unity quantum
efficiency and bandwidths exceeding 10 GHz, limited by the RC time
constant of the detectors and receiver circuit. For wide-bandwidth
systems, however, amplifier noise is dominant, and in practice this noise
level is some two to three orders of magnitude greater thag quantum noise
(approximately 20 photons per bit for an error rate of 10°°). To obtain
the highest possible signal-to-noise ratio, the signal from the
photodiodes should be as large as possible. Sensitivity can be improved
with avalanche photodiodes with internal gain to increase the signal level
before the addition of preamplifier noise.

Narrow-gap semiconductors have a large background leakage current, at
the high reverse voltages necessary for gain, due to tunneling from
valence to conduction bands. To get around this problem, heterostructure
APDs are fabricated, as in Figure 3.6, in which the absorption layer is a
thin InGaAs layer and the avalanche gain occurs in the wider-gap InP. The
electric field in the absorbing layer is sufficiently low to prevent
tunneling currents in that region but high enough to achieve avalanche
multiplication in the InP region. These devices are referred to as
SAM-APDs (separate absorption and pultiplication regions).

The difference in the valence band of 0.4 eV at the heterointerface
leads to hole trapping and reduced performance. A graded-bandgap region
of InGaAsP can be grown between the absorption and multiplication region
to eliminate this problem. Such structures place very strenuous demands
on degree of control required for epitaxial growth.

To obtain high performance, APDs involve further processing issues in
addition to those for PINs. To obtain a high-gain-bandwidth product, the
p-n junction depth and uniformity are critical to within 50 nm. To obtain
uniform gain across the detector area, the planar device shown in Figure
3.6 requires a guard ring to prevent breakdown at the edge. These
structures require extremely high precision. Even slight deviations in
layer thickness, uniformity, or carrier concentration can result in
drastically high leakage currents. Dislocations threading through the
epitaxial layers can give rise to microplasmas in the high field regioms.
For this reason, only a few such commercial devices are available.
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Germanium APDs, which are sensitive in this wavelength range, are
commercially available in Japan and have proved to be very reliable. The
dark currents are, however, higher than the best InGaAs SAM-APDs. For
sufficiently high gain, the noise of APDs becomes the dominant receiver
noise. This noise is due to the avalanche process itself and not quantum
noise. The lowest excess noise is achieved when the ionization ratio of
holes to electrons becomes small. In InP, this ratio is about 1 to 3 and
in germanium about 1 to 2. 1In certain HgCdTe compositions and some
InGaAsP superlattice structures, however, the ratio can become extremely
small in the 1.3- to 1l.6-micrometer spectral range, which in principle
could result in APDs with very low excess noise. Reliable devices with
these characteristics have yet to be fabricated.

Coherent detection schemes exhibiting close to quantum noise-limited
detectivity have been demonstrated in the laboratory and offer the
greatest promise for ultimate sensitivity. For such applications,
shot-noise limited PIN detectors will likely be the devices of choice.

SIZE SCALING ISSUES

Lateral control of dimensions is best illustrated by the MESFET and
MODFET examples. Dimensions of the gate electrodes will be gradually
reduced from 1.0 micrometer down to at least 0.5 micrometer for digital
circuits and to 0.1 micrometer for microwave circuits. The MESFET channel
thickness will be reduced by approximately the same amount, thereby
becoming smaller than the gate length. The doping in the channel will
rise in proportion to the reciprocal of the gate length. MODFETs have
thin (100 nm) electron sheets that are brought closer to the metal gate to
achieve shorter gates. Quantum limits are imposed on the thinnest
electron sheet dimension, even for the doping channel. Confinement of
these electrons by a heterojunction or other potential barrier beneath the
electron sheet also will be required to prevent unwanted space-charge
injected current under this sheet. The gaps separating the gate from the
source and drain will also be reduced proportionately. Alignment of these
different parallel electrodes will become very difficult. There should be
self-alignment schemes developed for these devices so that a high yield
can be obtained over a large wafer that is densely populated with
devices. Lateral diffusion of impurities, such as those that are ion
implanted for self-aligned ohmic contacts, must be controlled. The ohmic
contacts must also be controlled so that lateral motion of the metal does
not affect either the yield or the reliability.

The control of the vertical structures, such as doping and composition
profiles, must also be established for electron confinement to quantum
wells and for reliable performance. Device breakdown conditions,
especially in the presence of diffusing or drifting impurities, must be
maintained. Diffusion studies to establish the best dopants and
compositions for reliability are required.
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DEVICE AND CIRCUIT MODELING

Much work is necessary to develop useful models in two and even three
dimensions for small devices. Submicrometer dimensions yield different
and improved electron transport properties where the electrons can
approach ballistic motion. For dimensions under 500 nm, there are even
quantum mechanical considerations. Increased current densities and
space-charge injected currents need to be studied for the resulting
high-speed and high-frequency devices.

INTEGRATION OF DEVICES
d ec nics

High-speed digital electronics require small-area devices that are
closely spaced. This places severe requirements on the devices, on their
construction, and on heat removal. FET devices should achieve the highest
possible current densities, with a goal of greater than 1 A/mm, so that
small periphery devices can drive interconnection lines. Heterojunction
bipolar devices_should also have high current values, with a goal of
greater than 105A/cm , for the same reason. Good noise margin
requires reasonably high input voltage capability that is not readily
available yet from MESFETs but is available in some forms of MODFETs.

Microwave and millimeter-wave integrated circuits will require high
cutoff frequency and either low noise or high power. For low noise,
extremely low contact resistance, channel resistance, and gate resistance
are required. For high power, a high drain-to-gate breakdown voltage
(15 to 25 V) is required, in addition to high current density
(0.5 to 1.0 A/mm). The MESFET has performed well to 40 GHz, while the
MODFET has performed well to 60 GHz. In the latter case, a noise figure
of 2.3 dB and power density of 0.4 W/mm at 28 percent power-aided
efficiency have been obtained at 60 GHz. Various circuit elements are
required in addition to the transistors, and these can be constructed from
metal patterns on the microwave and millimeter-wave integrated circuits.
These elements are portions of transmission lines and even part of
quarter-wave dipole antennas for signal radiation.

t ectronic egratio

Most commercial optical devices today are discrete devices fabricated
by liquid phase epitaxy. Simple devices such as the CSBH laser and PIN
detector can be made with high yields, so that thousands of discrete
devices can be fabricated on a single substrate. More complex laser and
APD structures cannot be manufactured with such high yields, but rapid
progress is being made in this area.
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Considerable effort is being directed toward the integration of
optical and electronic components on the same chip. The drive toward
device integration is to attain increased functionality and lower device
cost. (At present, much of the device cost is in testing and packaging,
which is reduced by integration.) However, device integration becomes
economically worthwhile only when processing technology is sufficiently
advanced to provide high device yield.

Integration of devices places some limitations on the device design.
A semi-insulating substrate or blocking layer is required to isolate
devices on the same wafer. Contact must be made to various levels of the
device structure by selective etching from the upper surface. Planar
laser and detector structures must be fabricated on the semi-insulating
surface, and facets must be exposed by etching techniques. These
processes are still at an early research stage and need extensive
development.

A variety of integrated optoelectronic devices such as PIN-FET
receivers, FET-laser transmitter chips, and optical repeaters already have
been fabricated in the research laboratory. Coupled laser arrays that
deliver high output power have been fabricated. Linear laser and detector
arrays for coupling to several fibers in parallel have been demonstrated.
The range of possibilities is great, and new prototype devices for optical
processing and interconnection are being demonstrated constantly. As the
degree of integration of devices increases, so does the importance of
process control. Full coutrol of the processing of discrete optical and
electronic devices is an essential prerequisite for the high-yield
fabrication of integrated device structures.

Materjals Integration

Full integration of optics and electronics technologies ideally
requires the integration of the various materials systems on a single
substrate. Monolithic integration of III-V and 1I-VI compound
semiconductors on silicon substrates will permit the different advantages
of each material system to be used in a fully compatible way.
Considerable material research and development currently is aimed toward
that goal--particularly the epitaxial growth of GaAs on silicon. Because
of the different crystal structure and lattice parameters of the various
compounds, pseudomorphic epitaxial growth is possible only with very thin
films in which the structure is strained to match the lattice parameter of
the substrate. In thicker films, the strain relaxes bty the formation of
dislocation at the interface. Future research is needed to fully assess
the effects of the strain and defect structure and to minimize their
effect on device performance.
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INTERCONNECTIONS

As the density of components in integrated circuits increases, so does
the complexity of interconnection between devices and between chips. For
very-high-speed circuits, interconnection becomes a serious limitation
because of delays and frequency-dependent attenuation in the transmission
line. In normal conductors, the skin depth decreases as the inverse
square root of the frequency, with a corresponding resistive loss increase
and decrease in frequency response.

A second problem involves the large electrical power needed to charge
the transmission lines. One solution to these problems is to use optical
pulses in fibers or waveguides. Such transmission lines have negligible
loss and dispersion for computing applications, and no charging of the
transmission line is necessary. Converting electrical information to
optical pulses involves placing LEDs or lasers at key positions in the
integrated circuit. For this reason, a monolithic technology that
incorporates electronic and optical devices on the same chip is highly
desirable.

A second approach worth investigating is the use of superconducting
transmission lines, in which loss and dispersion is (at least in
principle) greatly reduced. The new high-temperature superconductors may
be useful for this application, but, at present, little information is
available on loss and dispersion in these new materials. The penalty paid
in cooling the circuits to liquid nitrogen temperature may be acceptable
in future high-speed circuits, since significant increase in the
semiconductor mobility and device speed is also achievable on cooling.

PROCESSING REQUIREMENTS

The materials processing requirements for both optical and electronic
devices and integrated circuits are generically similar. Precise doping
profiles are required to achieve uniformity over large wafer areas and
reproducibility. Heterojunctions requiring composition control and with
very abrupt interfaces will be required for the next generation of
electronic devices as well as optical devices. Material properties will
be engineered through use of varying alloy compositions, heterojunctions,
quantum wells, and superlattices formed by epitaxial growth. In addition
to the more common lattice-matched heterojunction, thin pseudomorphic
layers of lattice-mismatched materials will be very useful. In some
cases, structures will be required that do not have their junctions or
interfaces parallel to the substrate, as found in conventional epitaxially
grown layers. Layers must be regrown after grooves or other depressions
have been etched into the original surface. Such regrowth or other
reprocessing of critical active regions of devices, while common in
discrete laser structures, is only in its infancy in integrated circuits
and requires substantjal future effort. The surfaces of compound
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semiconductors and their interfaces with dielectrics also need substantial
effort to prevent formation of unwanted sheets of charge and to provide
chemical stability for device reliability.

High-throughput epitaxial growth systems with reasonable capital costs
will be essential to obtain cost-effective integrated circuits using
heterojunction devices. In order to utilize heterojunctions for
high-performance devices and integrated circuits, it will be necessary to
develop an affordable, controllable advanced processing technology.

Key dimensions of transistor elements during the next few years will
be in the submicrometer range, down to 0.1 micrometer. Lithography with
electron or ion beams or x-rays will be necessary. Electron-beam
lithography is slow and may not be cost-effective for dense integrated
circuit fabrication. Hydrogen ion beam lithography can yield a
hundredfold increase in writing speed over that of electron beams. Both
of these swept beam lithographic methods will have in situ alignment near
critical electrodes for active sensing and alignment. Once masks are
made, x-ray lithography is a rapid means of fabrication of submicrometer
structures as long as alignment and mask rigidity are assured.
Combinations of x-ray lithography and beam lithography, for the proper
location and control of size of critical electrodes, can be of great
benefit in obtaining satisfactory throughput.

Dry processing needs to be more fully studied for application to
compound semiconductor devices and integrated circuits. Selective
etching, damage to the semiconductor surface, and the removal of unwanted
by-products all need further effort.

Today, there are no fully satisfactory insulators for compound
semiconductors. The need for passivation without uncontrolled interface
charges is essential. There may even be substantial advantages for
compound semiconductor MISFETs if a proper insulator is developed. Such
an insulator would be chemically stable with the compound semiconductor
and would not have an uncontrollable interface charge. With such MISFETs,
very-high-current densityw increased noise margin, and complementary
circuits should be possible. The high current would make more competitive
logic devices with reduced periphery, as well as high-power microwave
devices. Metallization of compound semiconductors also must be advanced.
Schottky-barrier gate metals that are refractory and could withstand
elevated operating temperatures would improve performance and
reliability. Ohmic contacts that are formed without melting (during
alloying) will be essential for reliability and closer spacing without
shorting devices during processing or in subsequent operation.

During processing, elevated temperatures used can cause diffusion of
impurities or interdiffusion at heterojunctions. Ion bombardment that
occurs during ion milling, sputtering, or plasma etching can cauise damage
that must be annealed away at elevated temperatures. The strain caused by
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the differences in thermal expansion of the semiconductors and their
metallization and dielectric coatings can also cause changes in device
performance due to piezoelectric effects common in compound
semiconductors. Chemical reaction on the surface or the movement of
surface metallization also can be problematic during processing.
Subsequent chapters address each of these processing issues in detail.
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CHAPTER 4

BULK SINGLE CRYSTALS AND SUBSTRATES

PRINCIPAL RECOMMENDATIONS

The consistently repeatable production and availability of GaAs and
other III-V compound single crystals with the same chemical and electrical
characteristics that will yield devices with reproducible electronic
characteristics remains the most critical problem in I1I-V compound device
technology. The following recommendations are aimed at improving
substrate technology:

» Coordinate R&D on the detailed relationships among crystal growth
parameters, defect structure, and electronic characteristics of single
crystals. Close interaction between substrate users and suppliers must be
established.

m Develop wafer-scale characterization techniques for rapid
evaluation of the important wafer parameters in a production environment.

s Establish substrate specifications for reliable device fabrication.

s Conduct comprehensive studies of the thermodynamics and the
formation and interaction kinetics of lattice defects in compounds, since
these are the primary factors affecting the electronic behavior relevant
to device performance.

» Develop techniques for automated processing, maintenance of clean
low-damage surfaces, and wafer packaging.

BULK CRYSTAL GROWTH

The potential of semiconductor compounds for electronic applications
(particularly that of GaAs) has been recognized and demonstrated during
the past 30 years. Yet the quality of single crystals available today for
the fabrication of device structures is still poor in terms of chemical
composition and defect structure. This poor quality prohibits the
reproducible fabrication of reliable and demanding structures that, as
already stated, not only are commercially important but also, in many
instances, are critical to national defense systems. Ultimate progress in
the performance and complexity of device structures can be directly
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related to progress in the chemical and structural perfection of single
crystals.

W V, e

Two principal methods are currently in commercial use for the
production of single crystals, the Bridgman and Czochralski methods
(Brice, 1965]. In the Bridgman method, crystals are solidified by slowly
moving the charge through a thermal gradient. Growth is initiated at a
seed crystal placed at the coolest end of the melt. In the
liquid-encapsulated Czochralski (LEC) method, a rotating seed crystal is
dipped into a melt from above and slowly withdrawn as a crystal solidifies
on the seed; the liquid encapsulant, usually boric oxide, is used to
minimize decomposition of the melt during growth.

For GaAs growth, the Bridgman technique, in a horizontal geometry
(HB), is the least expensive and accounts for about 80 percent of world
sales. The compound is generally synthesized from the elements in the
same silica boat as that used for subsequent growth. Equilibrium
conditions are achieved in the melt by controlling the arsenic pressure
with a second temperature zone, avoiding the need for encapsulation.
Crystalline boules grown this way have a D-shaped cross section.

Undoped semi-insulating GaAs for the fabrication of integrated
circuits is grown by the Czochralski technique. In this technique, the
thermal gradients at the growth interface are higher than with the HB
technique. These gradients give rise to thermal convection and thermal
strains, and these in turn result in dislocations in the crystals.
Considerable effort has been devoted, primarily by the Japanese, to
reducing convection and increasing crystal perfection by decreasing
thermal gradients through the use of magnetic fields and computer control
of the growth conditions.

The high pressure of phosphorus that exists over an indium phosphide
melt renders the conventional Bridgman method unsuitable for the growth of
InP (or GaP) crystals. These crystals are commercially grown by LEC.
However, a recent report [Gault et al., 1986] has shown that growth of InP
by vertical-gradient freeze produces undoped single crystals of higher
quality than LEC by lowering the thermal gradient at the growth
interface. This technique is also suitable for GaAs.

Origins of Chemical and Structural Defects
Regarding the quality of today's single crystals, the following

comments, although generally applicable, are specific to GaAs crystals.
Its defect structure and electronic characteristics are very inconsistent
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both within a given crystal and from crystal to crystal. This lack of
uniformity and reproducibility represents one of the major yield-limiting
problems of the GaAs industry. The issues of concern include the
following:

s The level of chemical purity of the crystals not only is
unsatisfactory but also varies. Carbon, heavy metals, and other residual
impurities are commonly present and lead to changes in carrier
concentration, in compensation ratio, and thus in carrier mobility. These
impurities originate either in the starting elemental materials or are
introduced during crystal growth.

s Deviations from stoichiometry are readily encountered in all
materials with a volatile constituent. Their effects on the electronic
characteristics, as related to defect structure, are very pronounced, even
for departures from stoichiometry of a small fraction of a percent. The
level of activation of ion-implanted impurities in GaAs is very sensitive
to the arsenic stoichiometry--indeed, the highest levels of activation are
observed in arsenic-enriched crystals. The thermal stability of GaAs
during device fabrication (such as variation of surface resistivity
following wafer annealing) is critically dependent on stoichiometry.

s The defect structure in compound semiconductors is extremely
complex. Point defects (vacancies) are invariably incorporated during the
growth from the melt. Deviations from stoichiometry lead to the
incorporation of excess point defects. Depending on the Fermi level and
the rate of cooling, point defects interact to form complexes that are
electronically active (shallow and/or deep levels). Regarding line
defects (dislocations), thermal stresses become important, in addition to,
the Fermi level position and rate of cooling. The Fermi level determines
the charge occupancy of the point defects and thus their tendency to
interact and also to coalesce. These defects can then affect the
performance of devices.

Line defects (dislocations) continue to be a major problem in
semiconductor compounds. Dislocations are produced in crystals during
growth either by thermally induced stresses or by point defect
coalescence. Doping crystals can reduce dislocations by increasing the
critical shear stress (hardening the lattice). Isoelectronic
doping--e.g., In-doped GaAs [Jacob et al., 1983)--has been found to
decrease substantially the dislocation density without affecting the
resistivity of the wafers, but it is not yet clear whether this type of
doping represents a desirable solution to the dislocation problem.

Impurity hardening has problems, including reduced wafer yield from a
crystal run and changes in the lattice dimension compared to GaAs. The
yield problem is a direct result of the fact that the dopant used to
harden the lattice, such as indium, does not have a distribution constant
near unity. As a result, each segment of the boule from the seed to the
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tail has a different dopant concentration [Kimura et al., 1984). Near the
end of the GaAs/In crystal growth process, the boule becomes
polycrystalline generally due to constitutional supercooling. The
alternative preferred solution to decreasing the dislocation density is to
grow crystals in a reduced thermal stress environment--low thermal
gradients and reduced convection.

ev u e k
Epitaxial Structures

Electronic devices can be fabricated either directly as the substrate
crystal or alternatively in epitaxial layers grown on top of the
substrate. The current-generation integrated circuit structures most
commonly are fabricated directly in semi-insulating GaAs, using ion
implantation to define conducting channels. More complex integrated
circuits, such as heterojunction, bipolar, or modulation-doped devices,
and all optical devices, are fabricated in epitaxial layers.

For many years the view was held, and still is in some quarters, that
epitaxial structures are not affected by the quality of the substrates on
which they are fabricated, particularly if buffer layers are placed
between the substrate and the device layers. This view is to some measure
responsible for the present low level of bulk crystal quality.

The substrate is not a passive segment of epitaxial device
structures. It affects critically the yield of devices, their
reliability, performance level, and life, primarily through structural and
chemical contamination. Specifically, line defects (dislocations) in the
substrate propagate into the epitaxial layers during their growth. Point
defect clusters, inclusions, and second-phase microprecipitates nucleate
corresponding defects in epitaxial structures. Fast-diffusing
interstitial impurities can readily contaminate epitaxial layers during
growth. Furthermore, heat generated during device operation leads to
point defect diffusion, interaction, and clustering, which cause device
failure. Compositional variation in the substrate can affect the lattice
mismatch and result in misfit dislocations at the interface with the
epitaxial layer.

Bulk Crystal Device Structures (Simulated Epitaxy)

All integrated circuit structures are fabricated on semi-insulating
crystalline substrates. Circuits fabricated by ion implantation must be
thermally annealed to remove implant damage. The electrical behavior of
substrates following annealing depends on the stoichiometry and doping of
the crystal.

GaAs can be made semi-insulating either by doping crystali6dur ng
growth with a deep-level impurity, such as chromium (about 10°"/cm”),
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or alternatively by the vapor pressure during growth that creates
deep-level stoichiometric defects (EL2 centers). The latter technique is
generally preferred, since these substrates are more stable against
thermal conversion than doped substrates. The chemical and structural
quality of the bulk crystals directly affects the device structures formed
by implantation. Specifically, defects and chemical inhomogeneities
decrease device yield, increase variations in the characteristics of
individual devices, and decrease device life. It should be emphasized at
this point that there is little current understanding of any of the
defect-related processes occurring during thermal conversion, implant
activation, and wafer annealing.

etitive Positio

The overall status of commercial compound semiconductor crystal growth
in the United States is distressing. Japanese R&D efforts in this area
greatly exceed U.S. efforts. There are some 15 U.S. commercial suppliers
of GaAs, compared with about 11 in Japan. With the possible exception of
one (MACOM), all suppliers in this country are small corporations with
limited R&D facilities and efforts. Japanese companies are investing
considerable resources in the development of improved crystals, and they
currently have the major market share. There is only one small supplier
(staffed by a few engineers) of InP in this country, while offshore
commercial growers have a significantly larger InP production base.

A number of U.S. manufacturers seem to prefer Japanese wafers,
apparently because of increased control of subtle differences in
electrical properties and attention to details such as particular care in
packaging of the wafers (e.g., polyethylene containers that do not flake
or leave organic residues).

Several discoveries and innovations in bulk crystal growth have been
made in the United States, but they remain as isolated advances, with
their potential neither explored nor exploited. Among those advances one
should include the improvement of crystal homogeneity by applying magnetic
fields to the melt during crystal growth [Witt et al., 1970], the
introduction of pyrolytic boron nitride (BN) as a crucible material, which
eliminated contamination from the silica crucibles and led to undoped
semi-insulating GaAs [Swiggard, 1978), the establishment of the
relationship between stoichiometry and thermal stability of GaAs [Holmes
et al., 1982; Ta et al., 1982; Parsey et al., 1982}, and the
identification of relationships among growth parameters, defect structure,
and electronic characteristics [Gatos and Lagowski, 1983]}.

On the other hand, major technological advances in the growth of III-V
compound single crystals for large-scale device fabrication have been made
in Japan [Institute of Physics Conference Series, 1985]). These include
the following:
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» Shallow thermal gradient configurations, both in Czochralski and in
Bridgman commercial installations. These were achieved by multiple
thermal-zone furnaces and thermal-buffer systems. Shallow thermal
gradients are critical in optimizing and controlling defect structure and
chemical homogeneity.

» Total encapsulation in Czochralski growth. By maintaining the
entire crystal under the boric oxide encapsulant, the arsenic loss during
cooling is eliminated and thermal stresses during cooling are decreased.

s Arsenic vapor-pressure-controlled Czochralski growth. Here the
encapsulant is eliminated, and the arsenic pressure over the melt is
controlled by an arsenic source, as in the case of Bridgman growth. In
this way, stoichiometry control is readily achieved and the disadvantages
of encapsulation are eliminated.

» Growth in magnetic fields. Incorporation of magnetic fields in
large-scale crystal growth has led to the essential elimination of
twinning and related effects because magnetic fields apparently lead to a
relatively planar interface. The commonly acknowledged advantages of
magnetic fields relating to suppression of convective interference become
of secondary importance.

s Vapor baffles. Especially designed baffles were developed and
positioned over the melt and about the growing crystal in Czochralski
facilities. They decrease substantially the loss of the volatile
constituent. This approach has proved most important in the case of InP
crystal growth.

CRYSTAL GROWTH IN MICROGRAVITY

The growth of crystals in space, where gravitational forces are
considerably less than those on earth, provides an environment where mass
transport in fluids is dominated by the diffusion of the constituents and
not by convective flow as on earth. Inhomogeneities in crystal
composition and dopant segregation should therefore be minimized in
microgravity. In addition, the influence of the growth vessel on crystal
growth, such as contamination, nucleation, and thermal conduction, can in
principle be removed or altered, since it is no longer required to support
the melt. Slip and dislocations induced at the growth temperature because
of the mass of the crystal itself are eliminated in microgravity.
Beginning with Skylab in the early 1970s, crystal growth in space has
received considerable attention in the United States, Western Europe, and
other countries, especially the Soviet Union. Ground-based .experiments
and theory have been performed, along with flight experiments on GaAs,
GaSb, InSb, InSB-GaSb alloys, PbTe, SnTe-PbTe and GeSe-GeTe alloys,

Hgl,, silicon, germanium, triglycine sulfate, and metals. It is
reported that Soviet cosmonauts have performed approximately 100 GaAs
experiments since 1978 using their "Kristall" furnace on Salyut 6,
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although results have not been made available to Western crystal growers.

Many flights have produced unexpected results that have not yet been
explained. This demonstrates the limitations of current understanding of
gravitational effects on crystal growth. Nevertheless, a number of
experiments have demonstrated the advantages of crystal growth in
microgravity. These include the reduction of axial and radial composition
variations, reduced contamination by the ampoule material, and several
observations of improved crystallographic perfection. Convection is not
entirely eliminated on the spacecraft due to residual forces from the
spacecraft itself, as well as surface-driven convective flow. Theoretical
modeling of the growth and careful measurement of all flows are essential
components to obtain full understanding of crystal growth in space. The
committee believes that considerable scientific benefit has already been
derived from space experiments have produced definitive results.

Directional solidification work on GaAs, CdTe, HgCdTe, and PbSnTe
alloys in space is being planned by several organizations involving NASA,
university, and industrial research groups. The major limitation of
microgravity research on crystal growth is the scarcity of flight
opportunities. It is not possible to have a dynamic program based solely
on microgravity when experiments are so few and far between. Available
flight hardware is also a severely limiting factor. Inevitably, the major
emphasis is placed on earth-based research. However, the few results that
have been obtained have contributed significantly to understanding
surface-tension-driven convective flow and heat transfer as well as fluid
flow.

Space research on crystal growth does provide the opportunity to
obtain improved understanding of crystal growth and to provide benchmark
materials to guide future research on earth. While commercial
exploitation of crystal growth in space is unlikely for cost-sensitive
technologies in microelectronics, it is conceivable that the growth of
unique crystals in space might be justifiable in the future. Future
emphasis must be placed on more frequent flight opportunities and
additional flight hardware if the potential of crystal growth in space is
to be realized.

SUBSTRATE QUALITY

The parameters and requirements for the ideal substrate are very
similar whether the material is silicon, GaAs, or CdTe. Stoichiometry,
low or well-controlled impurity levels, surface finishing, and low defect
density are some of the major concerns in substrate utilization.
Stringent requirements in the substrate properties are essential for
fabricating electronic and optoelectronic components.
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The "Perfect™ Substrate

The "perfect” compound semiconductor substrate would have properties
that are not feasible today even for silicon. Among the needs are (a)
uniform electrical properties such that dislocations, microscopic
imperfections (including point defects), and macroscopic inhomogeneities
such as impurity segregation, if present, do not modify device properties;
(b) uniform stoichiometry for uniform activation of implanted layers; (c)
surface flatness across the entire wafer of better than 0.5 micrometer
with no bow or taper; (d) surface free from all types of polishing defects
and extraneous particles; (e) uniform doping and background impurity
concentration; and (f) mechanical strength such that wafer breakage does
not occur in processing. Naturally, the ideal substrate does not exist,
and properties are compromised in order to realistically manufacture
devices at acceptable substate acquisition cost. Of the compound
semiconductors, GaAs is probably the most advanced substrate material.

State-of -the-Art GaAs Substrates

The Table 4.1 lists some of the composite parameters taken from five
different materials suppliers’ data sheets for commercially available
undoped semi-insulating GaAs substrates as of the beginning of 1987
[Mantech for Solid State Microwave Systems, 1985). Substrates that match
these properties are available from both domestic and foreign sources.

urrent Practice ul ate atio

Beyond the growth issues of producing large-diameter, thermally
stable, semi-insulating GaAs boules discussed elsewhere in this report,
there are additional important issues ¢o the industry related to
production and preparation of substrates.

One particular issue is that of slicing the boule. After proper
orientation of LEC boules, the material is ground to the proper diameter,
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